Investigation of the tradeoffs between the number of quantization levels and spatial addressability of printed color images was performed. Error diffusion in CMYK color space was used to quantize the images. Quantized images were printed on a single color printer simulating different spatial addreassabilities. A psychophysical experiment was conducted to evaluate the perceived image quality (IQ) of the prints. The conclusions on the tradeoffs were drawn based on the results of the consequent statistical analysis. It was determined that the tradeoffs were scene dependent with pictorial scenes being able to sustain greater reduction in addressability without perceived IQ being decreased than graphics. The results of the experiment demonstrated that pictorial scenes were sufficient to be printed with 5bits per color (bpc) per pixel at 100 dots per inch (dpi), and graphics -3 bits per color per pixel at 300 dpi in order to match the perceived IQ of the best possible, 8 bpc -300 dpi, combination for the given system at normal viewing distance. If a single bpc-dpi combination was to be named as the optimum, it would have to be 3 bpc -300 dpi.
INTRODUCTION
Since the early days of printing, the challenge of rendering continuous-tone images existed. One of the solutions for the printing industry was bilevel haiftoning, which is a process based on the integration property of the human eye1'2. It sacrifices spatial resolution in order to create an illusion of multiple intensity levels in an image. Figure 1 shows a 2 x 2 pixel area of a bilevel device which is referred to as a superpixel. As seen, a 2 x 2 superpixel is capable of reproducing five distinct gray levels: 0, 25, 50, 75, and 100%, at the cost of reducing the spatial resolution by a factor of two along each axis. In general, a n x n area of bilevel pixels can produce n2+1 gray levels. However, this is accompanied by the reduction of spatial resolution n times along each axis.
There exists a considerable number of various halftone techniques that provide acceptable renditions of original continuoustone images3. One of these techniques is error diffusion, which was introduced by Floyd and Steinberg in the mid-1970s4, and is able to produce high-quality reproductions by improving the renditions of detail in an image and appearing less noisy than other halftone techniques. Error diffusion is a sequential algorithm whose feedback mechanism propagates the error due to thresholding to the neighboring pixels that have not y been processed.
The original error diffusion algorithm was intended to produce a bileve output for monochrome input images. It is not very difficult to adapt this algorithm to produce multilevel output by employing more than one threshold5'6'7. This modification coupled with the capability to print multiple levels made it possible to obtain soft-and hard-copy reproductions of original continuous-tone images with a quality superior to that of bilevel renditions. In addition, the application of error diffusion can easily be extended from monochrome images to color images. For instance, each channel of an image in RGB or CMYK color space may be treated as a single independent monochrome image and be error-diffused.
Another important issue in printing is the spatial addressability or resolution of output devices. Spatial addressability refers to how closely adjacent dots may be printed. In general, printing on a device of higher addressability results in an output of higher quality than that of the output obtained on a lower addressability device.
Multilevel halftoning can be used to compensate for IQ limitations of devices with poor spatial addressability. Some research has been done on the tradeoffs between these two parameters. Sigiura and Makita8 (citing Roetling9) gave a formula that relates the printer's addressability and the number of primary gray levels. However, noting that both of these parameters affect IQ, they resorted to examining IQ by varying only the number of gray levels. Most research in this area was concentrated on monochrome or grayscale text'°"13 or line art images'4. Some limited research involving color images15 was done for low resolution and/or CRT images as opposed to printed and/or high spatial addressability images.
The quantization vs. addressability tradeoffs in the perceived quality of color images were investigated by conducting a psychophysical experiment. Subsequent statistical analysis provided the necessary data to quantify these tradeoffs.
APPROACH 2.1 Image Selection
The realm of color images can be divided into two broad categories: pictorial images and graphics or line art. Therefore, two of the scenes presented for evaluation were pictorial images ("Woman" and "Harbor"), and the third one ("Train") was a graphic. These scenes can be found in Appendix A.
Image Processing Path
The pictorial image originals were analog photographs printed on Kodak photographic paper, and the graphics original was a digital file in EPS format. Hence, the image processing paths were somewhat different for the two types of images. Figure 2 shows these paths. Operations are represented by rectangles, and the color space at each step is indicated by the text above the arrow. Solid line rectangles designate mandatory steps, whereas dotted ones refer to the optional operations. Resolution adjustment may be optional because an image at nominal addressability is being processed. The quantization step may be optional because an 8-bit (non-quantized) image is being processed. The pictorial originals were scanned and saved as device RGB files (Figure 2(a) ). The scanned images were converted from the device RGB to device independent color space using the calibration for the Kodak paper and D50 illuminant. This conversion employed a look-up table (LUT) derived from the calibration. The images in device dependent color space were then converted to CMYK also by using a LUT designed for the particular printer and D50 illuminant. The resolution adjustment steps are described in detail below. The quantization step was performed using the error diffusion algorithm. 251 Finally, the quantized images were printed. The difference between the pictorial image path and the graphics image path (Figure 2(b) ) is that the CMYK image is obtained not by scanning and then going through the chain of color space conversions, but rather by rasterizing an EPS image by using a Raster Image Processor (RIP).
The error diffusion algorithm was used with the weights proposed by Fan6 shown in Figure 3 . These weights had been shown to reduce the "worming" artifact usually observed in error-diffused images.
(1/16)x . Resolution adjustment consisted of two steps. It was important to maintain the order shown in Figure 2 , i.e. the two resolution adjustment steps had to be separated by the quantization step (if quantization was needed). Knowing the nominal resolution, it was possible to simulate lower resolutions by using the following two-step process. Resolution adjustment reduced both the width and height of the image by some factor using the interpolation technique that minimizes the moird that can be visible in scaled down periodic images17"8. For instance, if the nominal resolution was 300 dpi and the simulated resolution was 150 dpi, then the resolution factor was 2. Thus, a 1000 x 1000 pixel image would become a 500 x 500 pixel image. The second step scaled the image up to its original size by converting each pixel to a square of pixels depending on the resolution factor. This scaling up was done using a nearest neighbor method to duplicate the pixel's digital count. Figure 4 shows an example of the two resolution steps done in sequence. The resolution factor is 2, therefore, a 2 x 2 yields a single pixel. If resolution factor were 3, a 3 x 3 square would have yielded a single pixel. 
Device Calibration
As the imaging paths indicate, up to 2 devices were used in creating the output prints: a scanner (for pictorial scenes) and a printer. The pictorial originals were scanned on the Umax "PowerLook" 400 dpi flatbed scanner. The scanner was calibrated for D50 illuminant and Kodak paper. The images were printed on a continuous-tone dye diffusion Tektronix Phaser 440 printer, with nominal addressability of 300 dpi. The printer was also calibrated for D50 illuminant.
For the given printer it was necessary to determine its capability to produce enough distinguishable levels to achieve the required color resolution. Two targets were printed to test the printer's color resolution. These targets consisted of a collection of 256 gray patches with each patch representing a single digital count in the range between 0 and 255. This range corresponds to 8 bits per pixel of color resolution. One target had these patches ordered, whereas on the other target, the patches were arranged in random order on the page. All patches on both targets were measured to obtain their L* values. The measurements for the patches of equal digital counts were compared to obtain the absolute difference in L* units. Hence, print-to-print variations for an average gray patch were determined to be 1 .67 L* units. In addition, the L* values of the patches of equal digital counts were averaged, and the L* range that the printer was capable of producing was determined to be 83.19 L* units. The number of gray levels that the printer could produce was calculated by dividing the L* range by the print-to-print variations value: 83.19 --1.67 = 49.81. About fifty levels correspond to approximately 5.6 bits of quantization.
Therefore, it was safe to claim that more than 5 bpc could be produced on the given continuous-tone printer. This number of gray levels does not necessarily mean that only 50 levels could be produced. These are so called "safe" levels, i.e., at least 50 gray levels were present in any given print.
Test Images
Eighteen images were printed for each of the three original scenes. Table 1 summarizes the physical parameters of the images for each of the scenes presented in the experiment.
These 18 images resulted from combining three addressabilities of 100, 150 and 300 dpi with six quantization levels of 2, 4, 8, 16 32 and 256 levels of gray for each of the four channels (these correspond to 1, 2 3, 4, 5 and 8 bpc). For 100 and 150 dpi images, resolution adjustment operations were periormed. Quantization was required for all images at fewer than hpc. For example. a 1-hit image contained digital counts 0 and 255. a 2-hit image contained digital counts 0. 5. 170 and 255. and so forth. 
Experiment Setup and Execution
In this experiment a graphical rating scale approach was used'. A tool written in Java was used to assist in collecting the data. By positioning the diamond on the provided scale, the observers indicated the perceived IQ of the given test image with respect to the two anchors. The width of the scale was 440 units. The mark corresponding to the "Poor" anchor was positioned at 80 units, and the mark corresponding to the "Good" anchor was positioned at 360 units. In between each trial, the diamond was automatically repositioned to the center at 220 units. All observer responses were saved in a text file for further processing. For each scene, 16 images were designated as test images. and two image were used as anchors. "Poor" anchor was represented by 2 bpc -150 dpi image. and "Good" image -by 5 bpc -150 dpi image. The experiment was staged in a room with lighting simulating D50 illumination. Figure 6 depicts the overhead view of the experimental setup. Poor Good
Observer Selection
All observers were screened for color deficiencies using Ishihara Pseudoisochromatic Plates, and for spatial acuity using a Landolt-C acuity test target shown in Figure 7 . At the normal viewing distance of 35 cm (14 inches), observers with normal spatial acuity should be able to resolve the direction of the openings in the rings in the line 6 and not in the line 7. A total of 16 observers participated in the experiment. All of them were presented the same set of experimental instructions. These observers were classified as experienced and inexperienced based on education and experience. Table 2 presents the observer statistics. 
RESULTS
All observer responses were collected and sorted in the order of 1 bpc -100 dpi, 1 bpc -150 dpi 8 bpc -300 dpi. All responses were normalized between 0 and 100. The 8 bpc -300 dpi image was the highest quality image the output system could physically produce. Thus, when analyzing the results, the scaled image quality of the test images was compared to that of the 8 bpc -300 dpi image.
Experienced vs. Inexperienced Observers
The data were sorted according to the observer groups: experienced vs. inexperienced. It was necessary to determine whether there were any significant differences between the two groups. To accomplish this, a paired t-test comparing the mean scale values for each image/scene combination of the two groups with 95% confidence was performed. Out of 48 test images (3 scenes with 16 test images each) for only 4, the mean scale values were determined to be significantly different: "Woman" scene 1 bpc -150 dpi, "Harbor" scene 1 bpc -150 dpi, "Train" scene 4 bpc -150 dpi and "Train" scene 4 bpc -300 dpi. Considering that the scale values for experienced and inexperienced were significantly different for only slightly over 8% of the images presented, the data for these two groups were pooled to obtain a single set of scale values with higher precision.
Results
Quantitative results are given in Appendix B. Figures 8 through 10 show the results of the experiment in graphical form. The bars with the black tops are the best possible and all other images that were judged equivalent in IQ. Table 3 lists all the images perceived of the same IQ as 8 bpc -300 dpi for each of the scenes. Table 3 : Images equivalent to 8 bpc -300 dpi. Scene list of images equivalent to 8 bpc -300 dpi (bpc-dpi) "Woman" 8-150, 8-100, 5-300, 5-150, 4-300, 4-150, 3-300 "Harbor" 8-150, 8-100, 5-300, 5-150, 5-100, 4-300, 4-150, 3-300, 3-150, 2-300 "Train" 5-300, 4-300, 3-300
The scaled image quality ratings for pictorial scenes exhibited many similarities. Therefore, it was useful to determine whether the data for these two scenes could be pooled to obtain IQ ratings with higher precision. Another paired t-test was performed to compare the mean scale values for each image for "Woman" and "Harbor" scenes with 95% confidence. Out of 16 images, only 5 were determined to have mean scale values significantly different for the two scenes. Thus, the data for the two pictorial scenes were pooled together, and the resulting statistics are shown in Appendix B. The graphical representation of the results is given in Figure 11 . The following images were perceived to be of the same quality as the 8 bpc -300 dpi: 8- 
Discussion
There was a clear difference between the results for the two types of scenes. Decreasing the addressability was acceptable for pictorial scenes, however, this was not true for the graphics scene. In a graphics scene that had sharp file lines, large uniform areas, and relatively few colors, even a small reduction in resolution exhibited the objectionable "jaggies" and moire patterns. There also existed some differences in the results between the two pictorial scenes. The observers rated fewer images to be as good as the 8 bpc -300 dpi image for the "Woman" scene than for the "Harbor" scene. This can be explained by greater 256 "Train" Scene I 300 dpi 150 dpi 100 dpi observer sensitivities to the contouring on a human face showing at lower color resolution and addressability than to the same artifacts occurring in the image areas containing water and sky.
Having obtained the image configurations equivalent to the best possible image, it was needed to determine which of these configurations was the optimum. To do this, the measure of information capacity (IC) was used: IC = Nx M x log2(#levels) x #channels, where N and M correspond to the width and height of the image, log2(#levels) is the number of bits per channel, and the number of channels for a CMYK image is 4. By examining the tradeoffs from this perspective, the optimum allocation of computer bits between color and spatial resolution could be determined. Table 4 lists the IC values for each image presented in the experiment normalized to the IC of 8bpc/300dpi. 0.2500 1.0000
As seen from the data in Table 4 , it is more beneficial to allocate the bits in the computer file to color resolution rather than to storing more pixels at lower bits per pixel rates. For instance, a 5 bpc -150 dpi file is smaller than a 3 bpc -300 dpi file by a factor of 0.3750 --0.1563 = 2.4. If the two images are of the same physical size in terms of length units (say 1" x 1"), a 150 dpi image is 150 x 150 pixels and 300 dpi image is 300 x 300 pixels, then the storage sizes are 1 12,500 bits per color per channel and 270,000 bits per color per channel respectively. For a CMYK color image, the total image sizes are 450,000 bits and 1,080,000 bits respectively. Tables 5 through 8 combine the IC information with the image combinations perceived equivalent to the 8 bpc -300 dpi image. Lbc -dpi 2 -300
[ic ] 0.2500 Looking at the tradeoffs between color and spatial resolutions, the consideration can be given not only to the lowest values for each parameter but also to the combination that results in the smallest IC value. In Tables 5 through 8 such combinations are given in bold. Where the type of the scene permits (pictorial), retaining relatively high color resolution allows for printing images at low addressability without sacrificing image quality at normal viewing distance.
CONCLUSIONS
A psychophysical experiment investigating the tradeoffs between the degree of quantization and addressability of color images was carried out. The results of the experiment were interpreted with respect to the best physically possible image for the given system: 8 bits per color separation per pixel at 300 dpi. These results showed that the tradeoffs were scene 257 dependent. Pictorial scenes were able to sustain greater reduction in addressability without loss of perceived IQ at the normal viewing distance than graphics. It was determined that the pictorial scenes could be printed with 5 bpc at 100 dpi, while graphics images required 3 bpc at 300 dpi to equal the quality of the best possible combination printable by the system. If a single bpc-dpi combination were to be considered optimum compared to 8 bpc -300 dpi, it would have to be 3 bpc -300 dpi.
Commonly, an image printed at higher addressability is regarded to be of higher quality. Though this may be true for text, it is not necessarily so for pictorial and graphics scenes. For such scenes, color resolution plays an increasingly important role. If the issue is maintaining the image quality and keeping the storage requirements constant, it is more beneficial to allocate computer resources to store an image with higher degree of quantization and lower addressability.
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